The activated form of the RecA protein (RecA*) is known to be involved in the reactivation and mutagenesis of UV-irradiated bacteriophage lambda and in the expression of the SOS response in Escherichia coli K-12. The expression of the SOS response requires cleavage of the LexA repressor by RecA* and the subsequent expression of LexA-controlled genes. The evidence presented here suggests that RecA* induces the expression of a gene(s) that is not under LexA control and that is also necessary for maximal repair and mutagenesis of damaged phage. This conclusion is based on the chloramphenicol sensitivity of RecA*-dependent repair and mutagenesis of damaged bacteriophage lambda in lexA(Def) hosts.
UV irradiation of Escherichia coli provokes an enhancement of survival and mutagenesis of UV-irradiated bacteriophage (11, 31) . This Weigle reactivation and Weigle mutagenesis reflect mutagenic repair induced in E. coli as part of the SOS response (26) . This response appears after proteolytic cleavage of the LexA repressor in the presence of the activated RecA protein (RecA*) acting as a possible effector (for a review, see reference 29) .
Repair and mutagenesis of damaged phage genomes depend on the umuDC genes, whose products are believed to be involved in a mode of error-prone DNA synthesis that allows nucleotide incorporation in front of noncoding lesions (1, 4, 9, 16) .
In addition to its role in LexA cleavage, RecA* has been implicated in both bacterial mutagenesis and Weigle reactivation and mutagenesis of phage X (2, 5, 6, 12, 32) . In lexA(Def) strains (22) , the LexA repressor is inactivated by a mutation, which allows constitutive expression of lexAcontrolled genes. In such strains, the RecA protein still has to be activated to obtain maximal mutagenic repair, even though its role as a LexA-specific protease has been circumvented by the lexA mutation.
In this study, we analyze the kinetics of induction of both Weigle reactivation and Weigle mutagenesis of bacteriophage X in lexA(Def) mutants. We show that in such strains RecA* promotes de novo protein synthesis in addition to its previously described activities. Moreover, using two strains mutated (recA441 and recA730) in the protease activity, we present evidence that these different functions of RecA* can be uncoupled.
MATERIALS AND METHODS
Bacterial and phage strains. The bacterial strains are described in Table 1 . Phage were X+ (28) .
Media. Bacteria were grown and UV irradiated in M63 minimal medium, supplemented with 0.2% maltose, 0.5% Casamino Acids (Difco Laboratories), 1 jig of thiamine per ml, and 10 jig of thymidine per ml (21) . Chloramphenicol (Sigma Chemical Co.) and adenine (Sigma) were added as indicated below.
Phage assay. UV irradiation, survival, and clear mutation assays of A phage were as described previously (11) , except that bacteria were irradiated in growth medium M63. Although phage X exhibited a clear-plaque phenotype when plated on recA730 or recA441 lexA(Def) host cells, the use of AB2480 as an indicator allowed the easy detection of clearplaque mutants among the wild-type population.
The lysogenic induction assay was as described previously (8) .
When needed, chloramphenicol was added in growth medium at the concentrations indicated below 20 min before UV irradiation. After irradiation in chloramphenicol medium, bacteria were incubated with aeration in the same medium and infected by irradiated or nonirradiated phage at different times. Phage were adsorbed at the temperatures indicated below for 15 min. The indicator bacteria AB2480 were added. Chloramphenicol was thus diluted to about 1 ,ug/ml during plating. Clear-plaque mutants were counted after 48 h under these conditions.
When chloramphenicol was present during UV irradiation, the UV dose was adjusted to produce adequate exposure (10) .
RecA protein and ,-galactosidase assays. The RecA radioimmunometric assay and the colorimetric P-galactosidase assay were as described previously (6) . Each (18, 33) .
In the absence of a functional LexA protein, the recA730 mutation led to approximately the same survival and mutagenesis of UV-irradiated phage as does UV irradiation of (8) . We checked the capacity of the latter RecA* to promote phage X reactivation in a lexA(Def) genetic background (Table 3 ). In the absence of the LexA repressor, the amplified recA441 product exhibited a spontaneous protease activity against phage A CI repressor, since neither strain DM1187 nor GW2730 could be lysogenized (22; data not shown). However, the survival of UV-irradiated phage on both DM1187 and GW2730 at 30°C was the same as after infection of the recA+ lexA(Def) DM1420 (data not shown) and much lower than the spontaneous maximal survival obtained in the presence of the recA730 allele. Furthermore, when DM1187 or GW2730 was properly treated to thermally induce the RecA441 optimal protease activity (i.e., incuba- a Phage were irradiated with 300 J/m2 before infection. When necessary, bacteria were incubated in chloramphenicol medium for 20 min before UV irradiation; they were irradiated in growth medium. tion at 42°C for 60 min in the presence of 100 ,ug of adenine per ml), only a low Weigle reactivation factor of phage A was observed (Table 3) . A significant increase of phage repair could only be observed when recA441 lexA(Def) mutants were UV irradiated before infection, with or without preincubation at 42°C in adenine-supplemented medium. In addition, the high temperature seemed to inhibit the Weigle reactivation promoted by UV.
It appears that in a lexA(Def) genetic background, neither the spontaneous RecA* form of the derepressed recA441 gene nor its thermally activated form was able to allow maximal repair of the irradiated X genome, contrary to what was observed in the presence of the recA730 allele. In the presence of the recA441 allele, UV photoproducts in bacterial DNA were required to obtain maxirmal repair, presumably by playing a role in activating RecA. Moreover, thermal shift and UV irradiation did not seem to lead to an identical form of activated RecA441.
Requirement of de novo protein synthesis for Weigle reactivation and mutagenesis of phage A in lexA(Def) strain. If the only role of RecA* is to participate in the umuDC-dependent mutagenic replicative complex, allowing mutagenic repair of (20) . The residual protein synthesis could be responsible for the slight Weigle reactivation factor left in these conditions. However, preincubation in chloramphenicol before irradiation of the hosts could decrease the intracellular level of the proteins necessary for phage survival and thus could provoke the observed decrease in Weigle reactivation. It is possible to argue against this hypothesis. (i) Irradiated phage survived almost identically on nonirradiated lexA(Def) bacteria in the presence or absence of chloramphenicol (data not shown), which means that the proteins necessary for phage replication and development were present and that LexA-dependent proteins were expressed, since X survival was still higher on DM1420 than on a wild-type strain (6) . Also, excision repair, which is responsible for the major surviving fraction of irradiated phage in nonirradiated bacteria, is not inhibited by chloramphenicol (3) . ( ii) The amount of RecA protein and the ,-galactosidase level from the umuC: lacZ fusion were measured simultaneously in the same lexA(Def) bacteria, irradiated or not (Table 4) . No significant variation in the high constitutive level of both proteins could be detected in the presence of 100 jig of chloramphenicol per ml until 60 min after irradiation, showing that the drug did not affect the stability of these proteins. (iii) When recA730 lexA(Def) bacteria were incubated in the presence of 100 ,ug of chloramphenicol per ml, the survival of irradiated phage reached the same spontaneous maximal level as in the absence of the drug (Table  5) . Hence, an incubation for up to 40 min in chloramphenicol sufficient to promote maximal mutagenic repair of irradiated phage X. De novo protein synthesis was still required.
Kinetics of induction of mutagenic repair in lexA(Def) mutants. De novo protein synthesis could be indirectly checked by analyzing the early kinetics of Weigle reactivation and mutagenesis of phage X. Bacteria were incubated after irradiation at either 37 or 30°C for various times prior to infection with phage. The zero time point corresponded to the classical Weigle reactivation experiment measurement. At 37°C, an increase in Weigle reactivation factor and in clear-plaque frequency was observed for up to 5 min (Fig. 2) . To verify this fast induction, we repeated the experiment, incubating bacteria at 30°C to slow down protein synthesis.
The same kinetics were observed, but the optimal values were delayed for 10 to 15 min. The decrease in mutagenic repair after 20 min could reasonably be related to the decreasing inducing effect of UV lesions during the SOS response (7) . When 100 ,g of chloramphenicol per ml was added 20 min before cell irradiation, Weigle reactivation and mutagenesis of phage X were almost abolished, indicating that both phenomena depend on de novo protein synthesis. Indeed, neither phenomenon decreased significantly below that observed in the nonirradiated lexA(Def) strain, confirming that all the lexA-dependent proteins were still present. DISCUSSION Recently, two roles for the RecA protein have been described in UV mutagenesis. In addition to promoting LexA repressor cleavage and inducing mutagenic gene products, i.e., UmuDC proteins (29) , RecA* appears to be involved in a misincorporation step of error-prone DNA synthesis across DNA lesions (2, 5, 12, 32) . Similarly, we established previously that RecA* is involved either directly or indirectly in phage A mutagenic repair in lexA(Def) strains (6) .
The evidence presented in this study leads us to propose that de novo protein synthesis is needed together with RecA protein activation for phage A reactivation and mutagenesis even when umuDC and the other din genes are already fully expressed. Our results show a dose-dependent inhibiting effect of chloramphenicol on the repair and mutagenic capabilities of irradiated recA + lexA(Def) bacteria. Such an effect could not be assigned to an inhibition of RecA protein activation (Table 6; (Table 5) . Moreover a major din gene product was also stable, even in the presence of chloramphenicol (Table  4) . Hence, early kinetics and temperature dependence of phage X reactivation and mutagenesis after host irradiation are compatible with de novo protein synthesis (Fig. 2) . However, an alternative interpretation could be proposed, since the recA730 strain is not strictly comparable with an irradiated recA+ strain. It continuously contained RecA* and continued to have it long after chloramphenicol was removed. RecA* could degrade an unstable SOS gene product, the fragments of which would be stable and involved in phage mutagenic repair. In the recA730 mutant, these preexisting stable fragments would be present even in the presence of chloramphenicol and not in the UV-irradiated recA+ strain. However, phage X survival on nonirradiated lexA(Def) bacteria was identical in the presence or absence of chloramphenicol; moreover, despite the decrease in the Weigle reactivation factor by chloramphenicol, it remained higher than 1 ( Fig. 1 ) for up to 40 min of incubation in chloramphenicol medium after UV irradiation (Fig. 2) . This suggests that chloramphenicol does not affect the basal level of proteins necessary for phage X survival in lexA(Def) recA+ strains.
Contrary to our results, similar studies on bacterial mutagenesis have suggested that in lexA(Def) strains, SOS mutator activity does not require RecA*-dependent protein synthesis (5, 32) . Besides the difference in the analyzed SOS functions, the discrepancy between these results and ours might be explained by the fact that we used higher chloramphenicol concentrations, leading to about 80 to 90% protein synthesis inhibition (20) . Moreover, because of the fast kinetics of induction of mutagenic repair in lexA(Def) strains that we detected (Fig. 2) , chloramphenicol could possibly have no effect when added after UV irradiation (5, 32) .
A possible implication of the heat shock protein response in the induction of phage A reactivation and mutagenesis was eliminated, since an htpR mutation which abolished the heat stock response (23) did not affect either phenomenon when introduced in a lexA(Def) genetic background (data not shown).
Nonirradiated recA730 lexA+ or recA730 lexA(Def) strains showed a spontaneous high level of repair and mutagenic activities on the irradiated phage genome (Table 2 ). This observation indicates that phage repair and mutagenesis were directly dependent on RecA* activity and not on the presence of UV photoproducts in the host cell genome.
The synthesis of proteins following RecA protein activation was LexA independent, since in all the tested strains, the LexA repressor was inactivated by the lexA(Def) mutation and an increased LexA cleavage was prevented by the presence of the IexA3 mutation (6, 22; Table 4 ). However, lexA-controlled genes are always essential for mutagenic repair of phage A, since no phage reactivation and mutagenesis could be detected in a recAo98 lexA3 mutant in which recA was constitutively expressed but the LexA repressor was not cleavable (13; data not shown).
Since there is already a high homology between the cleavage structural domain of phage A repressor and LexA, UmuD, and MucA, the possibility is not excluded that the last two proteins are processed during the SOS response (25) . Thus, LexA repressor cleavage might not be an isolated phenomenon, and possibly other cellular repressors could share identical RecA*-dependent processing.
Our results also allow a comparison between two protease forms of RecA, permitting further definition of RecA* involvement in phage repair and mutagenesis. RecA441 protein in a lexA(Def) strain is proteolytically active against phage K CI repressor (22) . Curiously, UVirradiated phage K showed nearly the same survival on such strains (DM1187 or GW2730) as on the isogenic recA+ lexA(Def) strain (data not shown) whether the former hosts were incubated at 30 or 42°C in the presence of adenine (Table 3 ). This last treatment is known to transform RecA441 into a protease for the LexA repressor, probably by inactivation of a thermosensitive intragenic suppressor (30) . However, UV irradiation of recA441 lexA(Def) strains, whatever the incubation temperature, led to a significant increase in phage survival (Table 3) , close to the repair activity of the recA730 strain or of the properly irradiated recA+ or recA+ lexA(Def) strain. Although amplified RecA441 protein cleaved phage K CI repressor and both thermal shift and UV irradiation proteolytically activated RecA441 against the LexA repressor, only UV irradiation of recA441 lexA(Def) host allowed phage reactivation. A trivial hypothesis could be that more RecA* might be needed for mutagenic repair than for cleavage. However, one can reasonably infer that in a recA441 lexA(Def) strain, the level of RecA* is greater after a temperature shift than after irradiation, since UV irradiation only partially and transiently activates RecA content in the cell (19) . Thus, at a high temperature, phage survival should be higher than it is after UV irradiation, which was not observed. In the case of the recA441 gene product, the data suggest that the RecA* function in phage mutagenic repair could be uncoupled from other RecA* functions, such as CI or LexA protein cleavage. Distinct functions of RecA* have already been suggested, since the RecA* mutagenic function can be stimulated without promoting LexA repressor cleavage (12) .
Since phage A survival was maximal on nonirradiated recA730 strains (Table 2 ), we could infer that the RecA730 protein was more similar to UV-activated RecA involved in the UmuDC-dependent phage repair process than it was to the RecA441 protein.
In conclusion, de novo RecA*-dependent protein synthesis is required to promote phage K reactivation and mutagenesis even in the absence of the LexA repressor. The potential new protein(s) must act together with proteins whose synthesis is regulated by LexA. RecA* may promote the synthesis of these proteins either by cleaving an unknown repressor in a manner similar to LexA cleavage or by acting as a direct activator. It remains possible that RecA* might participate in the replisome and/or in the processing of one or more replisome proteins involved in the misincorporation step of the two-step model for UV mutagenesis (4). We have been able to isolate, by an operon fusion technique in the lexA(Def) genetic background, a gene(s) which is not controlled by LexA but which is inducible after DNA-damaging treatments, such as UV or mitomycin C (unpublished results). These results seem in agreement with our interpretation of the inhibiting effect of chloramphenicol on the mutagenic repair of damaged phage A in the recA+ lexA(Def) strain. The repair capacities of these mutants are now under investigation.
